ABSTRACT The current chicken genetic map contains at least 1,965 loci within 50 linkage groups, and it covers about 4,000 cM. About 235 of these loci have homology with known human or mammalian genes. The remaining loci are anonymous molecular DNA markers, including microsatellites, amplified fragment length polymorphism (AFLP), randomly amplified polymorphic DNA (RAPD), CR1 elements, and others. A third generation genetic map for human uses single nucleotide polymorphisms (SNP), which have allowed the mapping of complex traits by linkage disequilibrium. One advantage of SNP is that they are usually linked to the gene of interest, and association of the SNP with traits of economic importance can be analyzed using candidate gene approaches. With the tremendous advancements in characterizing chicken ex-(Key words: chicken, genetic marker, non-synonymous single nucleotide polymorphism, polyphred, single nucleotide polymorphism)
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pressed sequence tags (EST), the identification of genetic polymorphisms such as SNP in chicken genes has become a reality. Our laboratory has undertaken an in silico analysis of the chicken EST at the University of Delaware by using a Phred/Phrap/Polyphred/Consed pipeline to identify candidate chicken SNP. Initial scanning of 23,427 chicken EST identified a total of 1,209 candidate SNP, with at least 182 non-synonymous SNP that result in an amino acid change observed. Validation of these candidate chicken SNP is ongoing. Placement of the SNP on the chicken genetic map will enhance marker density, thus allowing for mapping of complex traits through linkage analysis and linkage disequilibrium. Application of SNP to identify disease resistance genes in chickens is of special interest to our laboratory, especially in regards to Marek's disease and coccidiosis.
2000). Comparisons of the chicken genome to the human and mouse genomes indicate that there are highly conserved syntenic groups, particularly between the chicken and human (Groenen et al., 1999; Crooijmans et al., 2001; Suchyta et al., 2001; Jennen et al., 2002) . Our own research with chicken chromosome 1 (genetic marker DEL0001) is a good example. We sequenced an 80-kg genomic DNA fragment from chicken chromosome 1 and identified the synapsin 3 and f box only 7 chicken genes. Thus, this segment of chicken chromosome 1 (DEL0001) is syntenic with human chromosome 22 (M. Emara, unpublished data).
tified from a variety of chicken tissues, including activated T cell, oviduct, fat, liver, skeletal muscle, intestine, bursa, embryo, pituitary/hypothalamus/pineal, and others (Abdrakhmanov et al., 2000; Tirunagaru et al., 2000; Boardman et al., 2002; Buerstedde et al., 2002;  http://www.chickest.udel.edu/; http://swallow.gsf.de/ dt40Est.html; http://www.chick.umist.ac.uk/). The most recent accomplishment was announced by the European Union Consortium who sequenced 339,314 chicken EST from a variety of embryonic and adult tissues (Boardman et al., 2002) . Second, the availability of these chicken EST has made it possible to globally analyze gene expression during different biological processes using DNA microarray technology. The best examples of this methodology include reports on differential gene expression between noninfected and Marek's disease (MD) virus infected chick embryo fibroblasts (Morgan et al., 2001) , between MDresistant and MD-susceptible chicken lines (Liu et al., 2001a) , and between normal and myc-induced neoplastic B cells of the chicken bursa of Fabricius (Neiman et al., 2001) . Third, several large-insert genomic DNA libraries, also known as bacterial artificial chromosome (BAC) libraries have been constructed. They represent over 16.5× coverage of the chicken genome (http://hbz.tamu.edu/; http:// www.zod.wau.nl/vf/; Crooijmans et al., 2000; Lee et al., 2003) . Construction of a physical map of the chicken genome, based on BAC fingerprinting and contig development, in addition to integrating the chicken physical and genetic maps are ongoing projects (Ren et al., 2002 ; http:// hbz.tamu.edu/). Fourth, a limited number of chicken resource mapping populations have been developed to identify QTL that are economically important in chickens, including resistance and susceptibility to MD (Vallejo et al., 1997; Yonash et al., 1999; Emara et al., 2001) , coccidiosis (Zhu et al., 2003) and Salmonella (Hu et al., 1997; Lamont et al., 2002) , antibody response to Escherichia coli (Yonash et al., 2001) , growth and feed efficiency traits van Kaam et al., 1998 van Kaam et al., , 1999a , carcass traits (van Kaam et al., 1999b; Deeb et al., 2001) , and growth and fat deposition (Cogburn et al., IFAFS project 2000) . Finally, on an exciting note, the chicken has been rated by the National Human Genome Research Institute as a high priority species for full genome sequencing (http://www.genome.gov/page.cfm?pageID=10002154). With this project, a new era in poultry genomics has begun, and combined, the projects described above will certainly contribute to our knowledge on the chicken genome and advance us toward candidate QTL that affect economically important traits in chickens.
GENETIC MARKERS IN THE CHICKEN
The majority of genetic markers in the chicken are molecular DNA markers. The DNA markers are of two types: genes with known functions (Type I) and anonymous DNA segments (Type II), which include the highly repetitive microsatellites, randomly amplified polymorphic DNA (RAPD), amplified fragment length polymorphisms (AFLP), CR1 retrotransposon elements, and others. Currently, there are approximately 350 Type I markers present in chicken genes . In the past, Type I markers did not receive extensive applications in QTL mapping due to the laborious RFLP analysis and the limited number of RFLP that were observed within Type I loci. However, with the isolation of almost 400,000 EST and the identification of novel genetic polymorphisms in these genes, Type I markers are expected to receive wider applications in chicken genomics and QTL identification. In contrast, the Type II markers have received considerably more attention and they have been the marker of choice for genetic mapping and QTL searches. In fact, the microsatellite markers have been referred to as the "second-generation of markers" for gene-mapping studies, whereas the genes are considered the first-generation of markers (Weissenbach, 1998). Generally, Type II markers are favored because they are highly polymorphic, and high throughput, PCR-based assays could be used for genotyping of individuals. In the chicken, at least 801 microsatellites have been placed on the consensus map . The current density of genetic markers in the chicken is sufficient to conduct genome-wide scans for QTL in well-defined, large, family-pedigreed experimental populations. However, fine-mapping studies and population-based studies that would require linkage disequilibrium analysis remain difficult, and therefore, mapping of additional genetic markers to the chicken genome is needed to continue our pursuit for candidate QTL. One such genetic marker is the single nucleotide polymorphism (SNP), and it is a major focus in human studies as the third generation of genetic marker (Collins et al., 1997; Wang et al., 1998) . In an effort to increase the number of genetic markers in chickens, our laboratory initiated a project to identify and characterize SNP in chicken EST. The SNP in expressed regions of the genes are of particular interest because they can potentially impact protein function and the phenotype of an individual.
SNP
The SNP are the most common form of genetic variation in the genome; for instance, in humans, it has been estimated that there is one SNP per 1,000 to 2,000 bases of genomic DNA, and in some regions the estimate is one SNP per 300 bases (Wang et al., 1998; Dawson, 1999) . Due to this abundance, high-resolution genetic maps that are based on SNP are currently under development for several of the human chromosomes (Mullikin et al., 2000; TaillonMiller and Kwok, 2000) . As their name implies, SNP are single base changes or nucleotide variations that can occur in genes (promoter, exons, or introns) or between genes (intergenic regions). The SNP within the coding sequences are categorized as either synonymous (does not result in an amino acid change) or non-synonymous (results in an amino acid change). Non-synonymous SNP are of interest due to their potential effect on protein expression and, ultimately, the phenotype. In contrast, synonymous SNP probably have minimal effects on gene expression (exceptions might be those nucleotides that are important in DNA-protein interactions in the promoter and other genomic regions or those nucleotides that are involved in RNA stability). Both synonymous and non-synonymous SNP are excellent genetic markers for mapping studies.
The SNP are not a new feature in chicken research. The simplest example of a SNP is nucleotide variation at a restriction enzyme site; one allele is sensitive to enzyme digestion, and the other allele is resistant to the enzyme and does not get cut. This classical method serves as the basis for RFLP analysis, and to date, there are about 40 RFLP markers mapped to the chicken genome. The importance of SNP in chickens was demonstrated by several investigators who focused on linkage mapping of genes, association studies using candidate gene approaches, and evolutionary analyses (Fotouhi et al., 1993; Kuhnlein et al., 1997; Liu et al., 2001b; Smith et al., 2001 Smith et al., , 2002 Zhou et al., 2001; Lamont et al., 2002 , and others too numerous to mention). As a recent example, Smith et al. (2001) estimated that the frequency of SNP in EST-targeted genomic DNA was 1 per 470 bases. In a separate study, it was estimated that about 70% of the SNP were shared between broilers and layers (Smith et al., 2002) . The SNP that are associated with resistance and susceptibility to MD are of particular interest to our laboratory, for example, the SNP that are located in the growth hormone gene (Kuhnlein et al. 1997; Liu et al., 2001b) . Our goal for this project is to identify candidate SNP in genes that are related to the immune response and, thus, affect disease resistance.
OUR APPROACH TO SNP DISCOVERY
The optimal approach for SNP discovery and validation is to perform a comparative analysis of the DNA sequences from different individuals to identify nucleotide variations in a gene. This approach is laborious and expensive, and there is a chance that an SNP may not be identified within the tested individuals. Other methods for SNP discovery include amplification of the gene by PCR and characterization of the products using RFLP analysis, single-stranded conformational polymorphism (SSCP) analysis, or melting temperature statistics (denaturing-HPLC). An alternative approach for SNP discovery, often referred to as EST data mining, is an in silico analysis of the EST DNA sequences. The EST are a valuable source of unique gene sequences, and they have been used for SNP discovery in humans (Buetow et al., 1999; Garg et al., 1999; Marth et al., 1999) . Using various computer program pipelines and algorithms, the efficiency of in silico SNP discovery has ranged from 52 to 89% (Wang et al., 1998) . For example, in one study, Marth et al. (1999) used a Phred-Phrap-POLYBAYES pipeline to identify SNP in human EST. Briefly, Phred is a basecalling and sequence quality scoring program and Phrap is a multiple sequence alignment program that assembles contigs of the EST (http://www.phrap.org). The program, POLYBAYES identifies SNP and uses a Bayesian statistical model to calculate the probability that a given nucleotide position is polymorphic. POLYBAYES is dependent on the Phred quality score, the amount of coverage of the sequences, FIGURE 1. Schematic outline of the in silico process for single nucleotide polymorphism (SNP) discovery in the chicken. A series of four programs, Phred, Phrap, Polyphred and Consed were used sequentially to evaluate the DNA sequence quality of expressed sequence tags (EST), assemble and align EST into contigs, identify SNP, and view SNP in aligned EST contigs, respectively. Prior to the Phrap assembly, the Phd2fasta and X-match programs were used to convert the EST sequences to FASTA format and remove vector sequences, respectively. A total of 1,209 candidate SNP were identified from 23,427 chicken EST.
and an a priori expected frequency of polymorphic sites in the sequence that is being evaluated. In their study, Marth et al. (1999) started with 1,268,211 bases of genomic DNA sequence and extracted 1,365 unique EST with homology to the genomic sequence. The EST were aligned into 147 contigs, and a total of 54 candidate SNP were identified, with 56% of the SNP confirmed as real. Suggested reasons for the low confirmation rate included systematic base-calling errors due to compressions, base errors incorporated into the EST during cloning, and lack of polymorphisms in the test samples that were used for the validation process. The latter explanation emphasizes the importance of obtaining samples from diverse lines or populations for validation, thereby maximizing genetic variability and increasing the chance of validating the candidate SNP as real.
We used a strategy similar to that of Marth et al. (1999) to discover SNP in the collection of chicken EST at the University of Delaware (kindly provided by J. Burnside, R. W. Morgan, L. A. Cogburn, and C. L. Keeler, Jr.). Our preliminary evaluation involved 23,427 chicken EST sequences from 18 different cDNA libraries (see http:// www.chickest.udel.edu/ for descriptions of the cDNA libraries). The overall scheme for our SNP discovery process is shown in Figure 1 . A series of four DNA analysis programs (Phred, Phrap, Polyphred and Consed; http:// www.phrap.org) were used to evaluate the DNA quality of EST, align the EST sequences into contigs, identify nucleotide differences or SNP among the aligned EST, and view the candidate SNP, respectively. The programs, Phd2fasta and X-match convert the EST sequences to FASTA format and remove any vector sequences, respectively. Three thousand ten contigs were assembled from the chicken EST data, with an average number of 3.5 EST per contig. At this point, sequences that were excluded from further analyses included 8,548 singlets, 712 contigs with only one EST, and 3,780 problem sequences (vector sequence, short inserts, etc.). Continuing with the 2,298 contigs (3,010 minus 712), we used Polyphred (http://droog.mbt.washington.edu/ PolyPhred.html) to discover the candidate chicken SNP within each contig. To ensure that the single nucleotide base change between two EST was real and not due to sequencing error or problems with cloning, the phred quality score was required to be greater than 20, a window of at least five bases on each side of the SNP required exact matching, and the trace sequence files were examined by eye using the program Consed (http://www.phrap.org/ consed/consed.html). From our initial analyses, we discovered 1,209 candidate chicken SNP. The frequency of the chicken SNP was estimated at one per 2,119 bp of EST sequence. Of the 1,209 SNP detected, 182 were non-synonymous. A chicken SNP database (including both synonymous and non-synonymous SNP) and a web interface to enable searches of the SNP are being maintained at http:// chicksnps.afs.udel.edu. Users are cautioned that the SNPs in our database have been identified by in silico analysis only. The next step is to validate the SNP, preferably in the chicken populations of interest. In addition to our local database, all chicken SNP were submitted to the NCBI SNP database (http://www.ncbi.nlm.nih.gov/SNP/). A more detailed description of the chicken SNP and our approach for determining the correct reading frame of EST in the extraction of non-synonymous SNP is presented elsewhere (Kim et al., 2003) .
As a last note, it is expected that the SNP identified in this study will be somewhat biased in their map location, and placement of these SNP on the chicken genetic map will not be uniform. The EST represent a small fraction of the genome, and this project will place SNP in genes, with little emphasis on the intervening sequences, introns, and regulatory regions. However, the SNP that are detected in the EST from this study are especially important because the SNP are associated with specific genes, and non-synonymous SNP in the coding regions have the potential to influence the phenotype of an individual. As we apply this procedure to larger numbers of EST, we expect to increase the number of SNP in our database.
SNP AND MAPPING COMPLEX TRAITS
One advantage to a high-resolution genetic map based on SNP is that it will be possible to perform population studies and linkage disequilibrium analysis, avoiding family-pedigreed studies. For humans, it has been estimated that a density of at least 1 SNP for every 3 kb of genomic DNA sequence would suffice for linkage disequilibrium studies (Kruglyak, 1999) . As indicated earlier, both synonymous and non-synonymous SNP will be valuable tools as genetic markers in mapping studies. In contrast to the highly polymorphic microsatellite markers, SNP are less informative due to their biallelic nature. However, it should be noted that in some animal species, such as mouse and the chicken, SNP can be fully informative in populations that are derived from inbred line crosses (Lindblad et al., 2000) . The SNP can also be useful in comparisons of inbred lines that differ widely in their phenotypic traits. For example, Grupe et al. (2001) compared SNP frequencies among inbred mouse lines that differed for several phenotypic traits. Using various computational and statistical modeling programs, they successfully predicted candidate chromosomal regions (or QTL) for each of the traits. These investigations are especially relevant to chickens, in which several well-characterized inbred lines are available and many of the resource populations for mapping complex traits are derived from crosses of inbred lines (Vallejo et al., 1997; Yonash et al., 1999 Yonash et al., , 2001 Lamont et al., 2002) .
On another note, many SNP are randomly located in the human genome; however, some SNP are also clustered within certain genes (Feder et al., 1996) . The cluster of SNP in a gene can be evaluated to determine molecular haplotypes, and a unique SNP for each haplotype, referred to as a haplotype-specific tag SNP (htSNP), can be used for genotyping (Johnson et al., 2001 ). An advantage of using htSNP is that it may be possible to detect trait associations that would not otherwise be observed, unless the gene is evaluated as a functional unit, rather than as individual SNP markers. Identification of htSNP would also reduce the costs of genotyping, by typing for molecular haplotypes rather than individual SNP within a gene. Good examples of multiple SNP within a gene already exist for the chicken, for example, the growth hormone gene (Kuhnlein et al., 1997; Liu et al., 2001b) . Interestingly, in our studies, we have identified several genes, including aldose reductase, cytochrome p450, fibroblast growth factor, transcriptional coactivator p100, and others that contain multiple SNP, and thus, we have the information and ability to develop and characterize htSNP for chicken genes.
INTEGRATING GENETIC VARIATION WITH PROTEOMICS AND PHENOTYPES
As a closing comment, the next logical step in genomics research is to determine the functional consequences of genetic variation on the phenotype of an individual. As one would expect, enzymes, receptors, transcription factors, cytokines, hormones, and many other proteins are all susceptible to genetic mutation. About 26 to 32% of nonsynonymous SNP are predicted to affect protein function (Chasman and Adams, 2001) . A recent example in chickens is the Mx gene that influences anti-viral responses (Ko et al., 2002) . A non-synonymous SNP resulted in a Ser-to-Asn substitution in the chicken Mx gene, and it had a major effect on anti-viral activity against influenza and vesicular stomatitis viruses. From our initial SNP discovery, we identified 182 non-synonymous SNP in the chicken EST. In preliminary validation experiments, with a limited number of individuals, we have confirmed that some of these nonsynonymous SNP are real, and thus, they have the potential to affect protein function in chickens. Our interest is in disease resistance, in particular, Marek's disease and coc-cidiosis (in collaboration with H. S. Lillehoj, USDA-ARS, Beltsville, MD). Our database (http://chicksnps.afs.udel.edu) contains SNP from several immunologically related genes, and our next goal is to decipher those SNP that are real and relevant to disease resistance.
